Abstract-The parabolic equation (PE) method is widely used in radiowave propagation predictions. It has the advantages of high efficiency and stability, but it will lead to greater predicting errors in some situations, because the effects of transverse terrain gradients are not modeled. This problem can be solved by extending the 2D PE to the three-dimensional (3D) PE. However, the computing efficiency will degrade because of large scale matrix operations. In this paper, a new method is presented, in which the 3D PE is decomposed into two 2D PEs. It increases the computational efficiency and accuracy effectively. To verify the capability of the proposed method in radiowave propagation prediction, an experiment platform was set up. The computational results using this new method are compared with the experimental and Method of Moment (MoM) numerical computational results. Good agreements are achieved in the comparison.
INTRODUCTION
The study of radiowave propagation under complex environments is vitally important for improving the effective signal coverage in wireless communication and television broadcasting with plenty of urban buildings as well as mountainous terrains. It presents a big challenge due to the multiple wave propagation mechanisms involving the line of sight, diffraction and scattering propagation and the characteristic of large scale computation. The major issues refer to how to keep the computational accuracy and conducting the large scale computation at the same time. To meet the request for large scale computation of actual engineering problems, the modified empirical formulas are often used for analysis and computation with the drawback of poor computational accuracy, and the variance of the predicted propagation loss is generally 2 to 5 dB for the flat terrain, but for the complex terrain, the variance of the predicted propagation loss is usually about 5 to 10 dB. Many computational methods have been developed to improve the predicted accuracy. The commonly used methods are geometric diffraction methods, path integration methods and FDTD. It is hard to meet the requirement of engineering computation because these methods are computationally expensive and require high data accuracy of the terrain database at the same time [1] .
The Parabolic Equation (PE) method is a computational method for radiowave propagation loss besides the full wave method and ray tracing method, and has become a research focus. The PE method has high potential in radiowave propagation of mobile communication and broadcasting and television signal coverage as it can not only deal with complex terrain boundary conditions accurately, but also deal with complex atmosphere waveguide structure. Compared with the full wave method, the PE method deals with an unidirectional wave propagation, in which the equation can be solved by the step marching method in the propagation direction. The PE method can reduce the computational complexity of the full wave equation.
The PE method was firstly suggested in 1946 as Leontovich and Fock analyzed electromagnetic wave propagation problem in inhomogeneous atmosphere [2] . In 1977, Tappert solved PE by adopting Fourier split-step method in acoustics problem, showing that PE has the potential of solving large scale propagation problems [3] . Kuttler and Dockery applied the Fourier split-step method in analyzing radiowave propagation problems in the troposphere atmospheric waveguide [4] . Dockery and Kuttler introduced hybrid Fourier split-step method to analyze the impedance boundary condition propagation problems in 1996 [5] . In 1997, Levy adopted the Finite Difference (FD) method to solve PE in the irregular terrain radiowave propagation problem [6] .
Normally, FD is used in middle scale computational problems while the Fourier split-step method can be applied in large scale computational problems. The advantage of FD is that it can simulate complex terrain boundary conditions, and its disadvantage is that its computational efficiency is lower than the Fourier split-step method. The Fourier split-step method has the advantage of good numerical computation stability and high computational efficiency. Ozgun introduced the recursive two-way PE method dealing with backward scattering of complex terrains as the Fourier split-step method was a forward marching method and could not deal with the backward scattering of complex terrains [7] .
As the initial value of the PE has a big effect on the computational results, Apaydm and Sevgi studied how to determine the initial value of the PE [8] . The application of PE in horizontally inhomogeneous environments was studied by Barrios [9] . Hitney combined the ray-tracing and parabolic equation techniques to obtain fast solutions of very large scale radiowave propagation problems [10] . However, the above mentioned methods used two-dimension (2D) PE for solving tree-dimension (3D) problems, which can only be applied to axially symmetric 3D problems. The 2D PE only considers the irregularities in the vertical direction of complex terrains and ignores the irregularities in the horizontal direction. It cannot deal with horizontal terrain irregularities if they exist. To break through the limits of using 2D PE for the horizontal irregular terrains, Zelley built a model based on the implicit finite difference method to solve 3D PE [11] . Although the computing progress of the implicit finite difference method for wave propagation problems with various terrains is simpler than other methods because it can deal with the terrain boundary conditions more flexibly, it needs matrix operations with intensive computation and requires large computer memories. Saini and Casiraghi studied the 3D split-step Flourier transformation method, in which a 2D plane Flourier transformation was used, and the plane was perpendicular to the propagation direction [12] . Compared with the 3D finite difference method, 3D split-step Flourier transformation method decreased the degree of computation complexity, but the computational amount was still very large for large scale computing problems. Iqbal and Jeoti used wavelet transforming method to substitute Flourier transforming method to solve PE, and it was found that wavelet transforming method can improve calculation efficiency [13] . To overcome the difficulty that PE can only calculate unidirectional wave propagation problems, Ozgun proposed a technique for solving the PE in the two-way propagation using the iterative technique [14] . Apaydin and Ozgun solved complex terrain wave propagation problems using Finite Element Method (FEM) based on 2D PE [15] . The advantage of this solution is that it can process complex terrain boundary conditions, and the disadvantage is that it requires large computing memories and time.
Considering the request for improving prediction accuracy of large scale radiowave propagation, a new method is proposed in the paper, in which a 3D problem is decomposed into two 2D problems. The presented method can decrease the computation complexity compared with 3D PE. The basic idea of the proposed method is an assumption that the diffraction wave is attributed to the shortestpath diffraction, so that solving the 3D PE can be simplified to solving two 2D PE problems, and the calculation amount is decreased. Compared with the existing methods, this new method can process the wave propagation problem over the horizontally irregularity terrain with the same computation complexity as 2D PE.
THEORY ANALYSIS
The electromagnetic wave propagation is usually described with partial differential equation of a vector function in 3D space. Using PE to predict radiowave propagation, Kuttlter found that the computational results can be obtained through solving scalar function PE. As dealing with the acoustic propagation, the split-step Fourier transformation method was successfully applied in the study of atmospheric radiowave propagation. When the PE was applied in complex-terrain radiowave propagation, the transverse change of complex terrains cannot be analyzed using 2D PE, and the computation complexity of 3D PE is large than 2D PE. The ray tracing methods can be applied in the prediction of radiowave propagation at high frequencies. By the ray tracing method, it is needed to find out the straight ray and diffraction ray, which contribute most to the receive signal as these rays have the shortest propagation path. Similarly, in order to solve the 3D PE, the main consideration is given to the straight wave and diffraction wave with the shortest propagation path, which can largely decrease the computational complexity of PE. The theoretical analysis is conducted based on the above considerations. Firstly, we started from the 3D Helmholtz equation. It is written as
The wave function in Equation (1) can be replaced with the following expression
By using the operator decomposition formula
the 3D PE is obtained as [11] :
It is assumed that the 3D function u(x, y, z) can be expressed as the sum of two 2D functions u(x, y, z) ≈ u 1 (x, y) + u 2 (x, z) ( 7 ) Similar to the geometrical diffraction theory, the main contributions to the receiving point come from vertical plane diffraction and horizontal plane diffraction, in which the diffraction waves have the shortest propagation path. Each plane diffraction is a 2D problem, and the 3D wave propagation problem can be approximated with two 2D wave problems superposition. Fig. 1 depicts the diffraction problem of 3D space.
The function u 2 (x, z) in formula (7) is propagation waves in (x, z) plane and can be solved using 2D PE. The function u 1 (x, y) in formula (7) is propagation waves in the (x, y) plane in Fig. 1 . For the waves not in these two planes, they has little contribution to the received signal. By applying Equation (7), Equation (6) can be rewritten as Figure 1 . Obstacle diffraction Geometry.
Equation (8) can be further reduced to two 2D PE problems
Equations (9) and (10) can be solved by split-step Fourier transformation method, and the split-step Fourier transformation formulas for 3D space problems are obtained
In formulas (11) and (12), p 1 is the p space variable after Fourier transformation against y variable, p 2 the p space variable after Fourier transformation against z variable, x the propagation directional space variable, and δx the step size of x direction. After computing u 1 (x, y) and u 2 (x, z), respectively, using formula (7), the receiving position signal can be obtained. To compare with experimental results, the received signal amplitude is transformed into propagation loss and the formulas are:
where P t is the transmitted power, E the field strength and x the propagation distance variable.
COMPUTATION AND EXPERIMENT RESULTS
Multiple knife edge obstacle diffraction is a typically complex environment electromagnetic wave propagation problem. Many practical electromagnetic wave propagation prediction formulas are modified based on single knife edge diffraction. So the knife edge diffraction problem is chosen to verify the aforementioned method. In order to verify the proposed method, we compared its results with the experiment measurement and moment method calculation results. The experimental measurements were conducted in an indoor experimental environment to study knife edge radiowave diffraction problems. The experimental platform was constructed on a perfectly conductive plate and surrounded by absorbing materials. The working signal frequency was chosen at 9.35 GHz. The transmitting antenna was a monopole antenna, and the receiving antenna was a wave-guide probe. In the single knife edge diffraction experiment, to compare with 2D PE computing results, a 6.5 cm high metal strip was used as knife edge obstacle, and the width of the strip metal was long enough to avoid side diffraction. Fig. 2 shows the experimental results and 2D PE computing results about the single knife edge diffraction. It can be seen that the experimental results are consistent with PE calculation ones. As mentioned in the previous analysis, the conducted experiment ignored the side diffraction wave. If the width of the knife edge obstacle decreases, the numbers of side diffraction waves will increase. When the height of obstacle is large enough compared with the width, the side diffraction waves will be the main diffraction waves. Fig. 3 shows the compared results of decomposition 3D PE computation and the method of moment (MoM) computation for the finite width knife edge obstacle. The field strength of MoM computation declines in the front of obstacle, while that of the decomposition 3D PE computation does not. The reason of this difference is that PE only involves forward propagation, and the reflected signal in front of the obstacle is not modeled in PE. At the back of the obstacle, the field strength curves of MoM and decomposition 3D PE computation show the fluctuant change. This refers to the result of interference by the altitude diffraction signal and the side diffraction signal. The proposed method can model the signal diffraction correctly, but the accuracy of decomposition 3D PE computation is a little lower than MoM computation due to the PE approximation. Compared with Fig. 2 , there is a big difference between 2D PE and decomposition 3D PE. Especially when the main diffraction signals come from the side diffraction, the 2D PE will lose ability to model the side diffraction. However, the method we proposed can model the side diffraction effectively. To further verify the effectiveness of the proposed method, we considered double knife edge diffraction problem, which is depicted in Fig. 4 . To illustrate the horizontal situated position of the obstacles, Fig. 4 shows the pattern of transverse direction. The distance between the two obstacles is 0.3 m, and the obstacles are perpendicular to the propagation direction. Fig. 5 shows the comparative results of decomposition 3D PE and MoM computation for finite width double knife edge obstacles. The curves show the results of the field strength between the two obstacles. MoM computation presents fluctuant results, but decomposition 3D PE does not. The difference is because PE only deals with the forward propagation wave, and the signal fluctuation caused by forward propagation and backward propagation interference is not modeled in the range of two obstacles.
INVESTIGATIONS OF THE COMPUTATIONAL TIME AND THE COMPLEXITY
The presented method can improve the SSFT computing efficiency, which is very important in the large scale engineering wave propagation problems. In 3D SSFT, at each step along the range, a 2D FFT and IFFT transform is performed with the computational complexity of O(N * M * (log(N ) + log(M )), where N is the size in y direction and M the size in z direction. In the presented method of this paper, the time complexity is O(N * log(N ) + M * log(M )) at each step along the range. The compared results of computational complexity for these two algorithms are shown in Fig. 6 . The curve with ' * ' represents the results of the algorithm presented in this paper, in which two 1D FFTs are required at each iteration step; the curve with 'o' represents the results of the 3-D SSFT algorithm, in which the 2D SSFT is required. The two smooth curves show the theoretical results of the 2D FFT and 1D FFT, respectively. In the simulation, the parameter M was taken as a fixed value 512, and N was changed from 16 to 1600. The computer CPU was the Intel(R) duo cpu E8400 @3.00 GHz. The average computing time at each step was 3.04e-2 s for 3D SSFT and 1.5795e-4 s for the new method. Their ratio was about 192. It can be seen that the presented method can improve the computing efficiency greatly.
CONCLUSIONS
This paper discusses the 3D PE computational method for the radiowave propagation problems in complex environments. Radiowave propagation in wireless communication and radio and TV broadcasting is a large scale computing problem, and it has a special requirement for the computational memory and speed. Traditional empirical formulae have the advantage of low degree of computational complexity, but their computational accuracy is very low. If we adopt the wave equation to solve electromagnetic propagation problems in 3D space, although it can meet the accuracy requirement, the amount of computation is very large. The currently used 2D PE method can only deal with the irregularities in the vertical direction and cannot deal with the horizontal irregularities of terrains. In this paper, we started with the wave equation and proposed a new method using two 2D PEs to solve the 3D PE. Through the comparison with indoor experimental results and MoM computational results, the feasibility of the proposed method was verified. This method satisfies the requests of computing accuracy and large scale computation. It expands the application scope of fast computation and can model the horizontal irregularities of terrains at the same time.
